A high-sensitivity, compact set-up, which enables the precise measurement of low concentration of gas, was developed. The spectroscopic measurements were performed inside the Photonic Bandgap Fibers, which were designed especially for this research purpose and functioned as the gas cells of the apparatus (Fig. 1 ). Proposed technique allowed to reduce the total size of the set-up (portability) and the gas sample volume to 0.01 cc. In the case of fibers' mass production, presented research project will result in low cost, high-sensitivity, real-time measurement system. Ammonia absorption spectrum shows several peaks around 1500-2000 nm wavelength. Thus, 1550 nm emission wavelength tunable laser was chosen for the optical measurement system. The emitted laser light, which wavelength corresponded to the absorption wavelength of the pollutant molecule was partly absorbed by the ammonia gas within the optical fiber. The absorption was strictly related to the concentration of NH 3 in the carrying gas (high-purity nitrogen). For testing of newly designed fibers' (1960 nm centre operating wavelength), the set-ups with LED lamps and Oriel Fiber Illuminator with xenon lamp were used. The core diameters of produced fibers used in the experiment were: 16.2 µm, 19.4 µm, 19.9 µm and 26.25 µm. Core diameter could be increased through careful removal of cladding bars located in the centre of fiber during the technological process. Alternatively, 700 µm core, multimode holey fibers were tested. Lowering the pressure in the gas cell allowed to obtain clear absorption peaks and to classify investigated molecules. HITRAN simulation of light absorption by pollutant's molecules in selected concentration and BANDSOLVE simulations of light guiding process within fiber were performed. To achieve sub-ppb sensitivity with signal, which is detectable for common optical receivers; 3-10 meters of fiber was required. Ppm level measurements involved relatively shorter fiber.
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Microcapillary nitrogen gas flow simulations were performed employing quasi-Panhandle equation for modeling of the compressible fluid flow. The results were confirmed by experimental work, and are depicted in Fig. 2 .
As it was necessary to precisely introduce both: gas and light into the fiber's core, the new method of fiber cutting using Cross Section Polisher (Ar ion beam in the vacuumed chamber) was tested to obtain required angle of fiber ( Fig. 3 ).
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Among few existing applications of Microstructured Optical Fibers, a new device for measurement of low gas concentration was designed. Developed set-up based on a Photonic Bandgap Fiber (PBGF), which was used as a gas cell. Proposed technique allowed reducing gas sample volume to 0.01 cc. The gas flow inside core of fiber was simulated and result was confirmed experimentally. During the experimental work several types of fibers of various parameters were specially designed, produced and used. Core diameters ranged from 10.9 µm to 700 µm. Various cutting techniques for fibers were investigated.
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Introduction
There are several types of Microstructured Optical Fibers (MOFs), which differ in structure and wave-guiding mechanism. The most general classification can be summarized as follows (1)- (5) :
-Photonic Crystal Fibers (PCFs) with solid core surrounded by air holes cladding structure. PCFs can operate on the same principle as the conventional optical fibers: total internal reflection, which is achieved due an increased refractive index of the fiber's core.
-Bragg Fibers, which confine the light through photonic-bandgap in a relatively large diameter hollow core formed by the concentric rings of multilayer films of different materials.
-Photonic Bandgap Fibers (PBGFs) of a honeycomb structure with a hollow core surrounded by the highly regular microstructured cladding.
Present need for the fast, proper and accurate measurement of various compounds in ppb levels encouraged our research group to engage in the development of a new sensing system. Huge possibilities of new in-situ measurement method were revealed during preliminary research using tunable laser and glass or metal tanks (6)- (8) and the PBGF (9)-(11) as the gas cells. This paper reports conducted work, focusing on investigation of the micro-capillary gas flow phenomenon inside fiber, and also covering examination of properties of photonic bandgap fiber, the design of the proper fibers for our device and study on the low concentration gas measurement system for the semiconductor manufacturing industry. The first results of ammonia (NH 3 ) concentration measurements are shown. Shaping of the end of fiber is necessary to assure the proper input of light into the PBGF's core. Traditional cutting methods used in the case of communication optical fibers destroy the fragile cladding structure. Cutting using Cross Section Polisher was proposed as non destructive and precise technique.
Experimental Set Up
The system consisted of 3 sub-systems: gas providing sub-system, optical sub-system, chemical analysis sub-system and optical fiber as a main measuring cell.
One of the goals of research work was to design a set-up measuring low concentration of ammonia after further dilution of few ppm-gas with high purity nitrogen even to ppb level. Gas was dosed into the gas cell of special design and it passed throughout the optical fiber for proper measurement of light absorption.
The gas-providing system is presented in Fig. 1 . Both ends of fiber were connected to the rotary pump and slight pressure difference was kept between them to assure the gas flow.
The PBGFs had the unique structure, and light was mostly guided in a hollow, circular core surrounded by a microstructured cladding formed by a periodic arrangement of air holes in undoped silica. Up to 65 % of the fiber cross-section was composed of solid silica but less than 5 % of light propagated in glass. More than 90% of optical power was located in the hollow core or in the holes of cladding. Holes of core and cladding were filled with the tested gas. Fiber was coated with a single acrylate layer. Centre operating wavelength of fiber matched the emission wavelength of light source and the absorption band of analyzed pollutants.
1550 nm emission wavelength tunable laser was chosen for the optical measurement system using commonly produced PBGF. Light passed objective lens, the zero-order waveplate and was split using cube beam splitter. The output light was guided inside the optical fiber from and to the gas cells, and passed objective lens with the zero-order waveplate. Finally, both: measurement light wave front and reference light wavefront (adjusted using mirror) were received by two photodetectors. The optical system with laser is depicted in Fig. 2A .
The coupling of the light depends on the light source and fiber's bandwidth.
As ammonia emission reveals high peak around 1.9 µm, and the size of the core was crucial to the gas flow, the PBGFs of such light guiding center were designed using BandSolve (CAD alike commercially available design tool to optimize the band structure of new photonic crystal geometries before fabricating the device) and other simulation software and made by stack-and-draw technique (12) (13) . For measurement of newly designed fibers' properties at 1.5 and 1.9 µm, the set-ups with LED lamps and Oriel Fiber Illuminator with xenon lamp were used. The working scheme of optical sub-system with lamp is depicted in Fig. 2B . Light, which was emitted by above sources, passed through chopper unit, focusing lenses and was guided to monochrometer. Light of certain wavelength was detected using wide-wavelength GaInAs pin photodiode. Signals from photodiode and chopper were adjusted, amplified and observed using digital oscilloscope.
The emitted light, which wavelength corresponded to the absorption of ammonia molecule should be partly absorbed by the gas within the optical fiber. The absorption would be then strictly related to the concentration of ammonia in the carrying gas (high-purity nitrogen).
The core diameters of new fibers used in the experiment were: 15.2 µm, 16.2 µm, 19.4 µm, 19.6 µm and 26.25 µm. Additionally, 10.9 µm core fiber, produced by Blaze Photonics and available on the market was tested. Table 1 contains characteristics and SEM photos of all used fibers.
The matching comparison of simulated light absorption by ammonia molecule with available LED parameters and bandgap boundaries of designed fiber are presented in Fig. 3 and Fig. 4 . According to HITRAN (14) simulations to measure the ppb level of ammonia, several meters of fiber are required, to ppm level-less than 1 meter would be enough.
The absorption of ammonia at the microcapillary wall was not considered. The absorption in the pure nitrogen should not occur, however the fix considering absorption of ammonia at highly 1-optical fiber, 2-optical fiber connector FC, 3-objective lens with adapter, 4, 11-stage, 5-rotary stage with zero-order wave plate, 6-beam splitter, 7, 8-mirror unit, 9-gas cell, 10-photonic bandgap fiber, 12photodetector, 13-tunable laser, 14-differential amperometer. absorptive material: silica for the real case measurement will be developed in the future.
Lowering the pressure enables sharpening of absorption peaks. Thus, peaks caused by the molecules of chosen pollutant can be distinguished from the other eventual contaminants.
Microcapillary nitrogen gas flow simulations were performed employing the standard mathematical software. Velocity of the gas was calculated using quasi-Panhandle equation (1) for modeling of the compressible fluid flow: ................... (1) p 1 and p 2 are inlet and outlet pressures, G-mass flow, Rindividual gas constant, T-temperature, F-core cross-section area, v 1 and v 2 -inlet and outlet velocities, λ -coefficient, which depends on Reynolds number.
Detailed calculation procedure for the microcapillary gas flow within the PBGF was discussed elsewhere (15) (16) .
As presented in Figs. 5-6 predicted gas flows were confirmed by the experimental results. It was possible to indirectly measure the flow rate of nitrogen gas inside the PBGF with various pressure differences on the opposite ends. In the case of 1m fiber the measurement including filling time would take about 10-15 min. According to the simulation result for 0.2 m length of 19.4 µm core fiber, the velocity ranged 0.164 m/s. Velocity confirmed experimentally was 0.151 m/s. The volume of gas present in the system outside the fiber was calculated as precisely as possible, however, the difference between gas volume present in piping, valves and pressure gauges, and the gas volume inside the core of the fiber was huge. That might explain slight differences between simulation and experimental values. The results of ammonia concentration measurement using 1 m length PBGF of 10.9 µm core and tunable laser are shown in Fig.  7 . The ammonia measurement was performed at 0.1 atm average pressure. The PBGFs core volume ranged 8×10 -5 cc and ammonia concentration in the nitrogen gas was 10 ppm. The basic peak well matched the results obtained with HITRAN simulation, however during the measurement of ammonia concentration strong side wings next to the absorption peak (not present in the simulation output graph) were observed. The phenomenon might result from the light reflection caused by the straight cut of the ends of the fiber, which was used during the experiment, from noise or less probably from the presence of some impurities.
Maximum theoretical sensitivity, which could be attained using the present set-up configuration ranged 0.18 ppb/m. Total sensitivity of the device increased with fiber's length.
Avoiding the pollution and the proper cutting of PBGF had a crucial importance for the experiment. After removal of the coating, length of fiber was adjusted using several methods. The best results were obtained using Cross Section Polisher, SM-09010 (Nihon Denshi) using argon ion beam, the method well recognized in preparation of fine microscopic samples (17) . This procedure assured shaping of the end to the required angle and minimized destruction of surface part of cladding. Traditional fiber cleaver besides lower precision allowed for only one cutting angle. The laser microscope photographs of cutting results are presented in Fig. 8 . Right column represents the 3 D profile of the surface cut. Cutting using Cross Section Polisher could be especially advantageous for precise input of the light into the fiber's core and for preventing the surface reflections, which influence the measurement spectra.
Conclusions
The set-up for measuring of ppb concentration of ammonia was designed.
New types of PBGFs were produced. Simulations of gas velocity in dependence on applied pressure were performed.
Gas flow rate in the experimental condition was corresponding to the simulated one. It was sufficient for fast ppm-order measurement using short optic fibers as the gas cells. First experiments of measurement ammonia concentrations were performed.
New method for cutting and shaping the ends of the PBGF was tested. 
